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Introduction
Neurotensin has long been appreciated for a wide range of actions, the most prominent of which are hypothermia, hypotension and antinociception (Tyler-McMahon, et al., 2000a; Boules, et al., 2006) . These actions are mediated through neurotensin receptors (Dobner, 2006; Maeno, et al., 2004; Remaury, et al., 2002) . The analgesic actions of neurotensin are readily dissociated from the opioids based upon their insensitivity to the highly opioid selective antagonist naloxone, ruling out an opioid mechanism. This lack of involvement of opioid systems would be advantageous clinically due to the potential of a reduced abuse liability and the utility of combining neurotensin receptor drugs with other classes of analgesic agents. Although there is general agreement that antinociceptive neurotensin analogs act through neurotensin receptors, it is still uncertain whether these effects are mediated through NTS1, NTS2 or a combination of both (Roussy, et al., 2008; Boules, et al., 2006; Dobner, 2006) .
Targeting neurotensin receptors with drugs has been difficult due to the problems with centrally acting peptides and the general lack of availability of non-peptide neurotensin agonists. The activity of neurotensin resides in the C-terminal six peptides corresponding to , with NT(9-13) also showing some activity in various paradigms (Kitabgi, et al., 1977; Keegan, et al., 1994) . Despite the ability to truncate the peptide and retain activity, it is still not an effective agent systemically. To overcome the challenge inherent in developing centrally active peptides that retain activity when given systemically many neurotensin analogs have been generated. One series of compounds utilizing L-neo-Trp (Fauq, et al., 1998 ) has proven valuable due to both pharmacokinetic stability and blood brain barrier penetration capability (Remaury, et al., JPET #165282 2002; Katz, et al., 2001; Tyler-McMahon, et al., 2000b; Tyler, et al., 1999) . To understand further the anntinociceptive actions of these compounds, we have now examined the activity of a series of these analogs in mice both systemically and topically.
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Methods
Male Crl:CD-1® (ICR) BR mice (20-25 g) were purchased from Charles River Laboratories (Kingston, NY) and were housed in a 12:12 h light/dark cycle temperaturecontrolled room with food and water freely available (ad libitum). The neurotensin peptides were synthesized using solid-phase techniques, purified by HPLC and converted to the acetate salt (Mimotopes, Clayton Victoria, Australia). Doses are given as the weight of the acetate salt. Compounds for systemic administration were dissolved in 0.9% saline and administered subcutaneously. Topical dosing utilized DMSO solutions.
Antinociception: Antinociception was determined using the radiant heat tailflick assay . In this assay, baseline latencies were determined for each animal using a focused beam of light on the ventral part of the tail (Ugo Basile, Camerio, Italy) and typically ranged between two and three seconds.
Responses can be assessed either quantally or through graded responses (D'Amour and Smith, 1941; Le Bars, et al., 2001) . For the systemic studies, we utilized quantal assessments whereby antinociception was defined as a doubling or greater of baseline values for each subject. Maximum tail flick latencies of 10 sec were used to minimize any tissue damage. Results analyzed quantally were similar to those using graded responses with regards to both the ED 50 and maximal responses. All experimental protocols were approved by our Institutional Animal Care and Use Committee and all procedures were in compliance with the Care and Use of Laboratory Animals.
Topical antinociception: Topical antinociceptive assays were determined as previously described using the radiant heat tailflick assay (Kolesnikov, et al., 2000) . In this paradigm, after determining the baseline latency approximately 3 cm of the mouse's JPET #165282 7 distal tail is immersed in a solution of NT compound in DMSO for the indicated time (1-3 min), withdrawn, and analgesia tested immediately over the region of the tail exposed to the drug. A local effect of the drug was confirmed by also testing a more proximal site that was not exposed to the drug. Local effects were defined by responses limited to the distal, drug-exposed region and not seen on the non-exposed proximal region. In this paradigm, DMSO alone has no effect upon tailflick latencies. Richelson, unpublished data). Several of these agents have been examined in a variety of behavioral assays and found to be active (Boules, et al., 2006; Fantegrossi, et al., 2005; Boules, et al., 2003) , but they have not been examined systematically in tests of nociception. We therefore embarked upon studies to compare the actions of a series of these stabilized neurotensin analogs in a thermal assay of nociception, the radiant heat tailflick assay.
First, using a fixed dose, we defined the peak effect through time action curves ( Fig. 1) . Peak effects were observed at 30 min. Since equianalgesic doses were not used, comparison of actual durations among the drugs must be done cautiously. The duration of action of the drugs was similar to that seen with traditional opioids such as morphine. Most of the NT analogs were active for two hours. Although the antinociceptive response of NT72 persisted longer, it also had a higher peak effect which might have led to its slightly longer duration of action.
Dose-response studies confirmed the activity of all the drugs in the radiant heat tailflick assay following subcutaneous administration (Fig 2) . However, the drug potencies varied by 10-fold among the NT analogs (Table 2) regression analysis. Both NT78 and NT69L appeared to be partial agonists with their dose-response curves revealing maximal antinociceptive responses of approximately 55% for NT78 and 74% for NT69L. It is interesting to note that NT78 was among the most potent of the drug analogs despite its partial agonist activity.
Topical antinociception: Neurotensin and its analogs have a number of actions other than analgesia, including hypotension and hypothermia, which might interfere with their utility as systemic analgesics. By limiting the site of action locally in the periphery, non-therapeutic centrally mediated side-effects may be avoided, an approach previously demonstrated by the topical analgesia seen with opioids (Kolesnikov and Pasternak, 1999a; Kolesnikov, et al., 2000) . We therefore examined the topical activity of several of the NT compounds in the mouse.
The 5-mer NT72 was one of the most potent analogs when given systemically.
Therefore our studies focused on this compound. As previously stated, the technique involved immersion of the distal portion of the tail into a DMSO solution containing the specific compound immediately prior to testing the drug-exposed portion of the tail in the radiant heat tailflick assay. This approach has worked very well for a range of opioids.
To ensure that the activity of the drug was due to a local effect, an additional control included testing a more proximal portion of the tail that had not been exposed to the drug in the same animal. If the activity were due to systemic absorption of the compound, the proximal region should show the same effects as the distal one.
Immersion of the tail into DMSO solutions of NT72 at either 2 mg/ml or 5 mg/ml elicited a reproducible antinociceptive response. The response was progressively greater with a longer duration of immersion in the drug solution, although it showed This article has not been copyedited and formatted. The final version may differ from this version. evidence of plateauing between 2 and 3 min (Fig. 3) . In this study, there was no statistical difference for NT72 between the doses, implying that we were at maximal response. In control studies, DMSO solutions alone had no effect on tailflick latencies in this assay, establishing the specificity of the response and confirming prior observations on the inactivity of the vehicle alone (Kolesnikov and Pasternak, 1999a; Kolesnikov, et al., 2000) . In this model, immersion of the tail into opioid solutions for periods longer than 3 minutes led to some systemic absorption. Thus, we limited our exposures to 3 minutes to avoid this.
When we extended the study to include a number of NT analogs, we were surprised to see that only NT71 and NT72 displayed major activity topically (Fig. 4) .
When examined quantally, both drug elicited a response of 50% or greater. None of the other drugs achieved a doubling of the baseline value. More subtle effects can be assessed using graded responses from the same dataset. With both compounds, the latency of the distal tail exposed to both NT71 or NT71 was significantly prolonged (p<0.001) compared to baseline. The proximal region of the tail unexposed to drug did not show a significant prolongation. NT76 also revealed a statistically significant increase in latency distally compared to baseline (p<0.05), but this elevation was quite modest and of questionable relevance in a clinical situation. In contrast, neither NT67 nor NT69L displayed any topical antinociceptive activity in the distal, exposed tail when compared to baseline, although there was a small increase with NT67 when compared to the proximal tail value.
This article has not been copyedited and formatted. The final version may differ from this version. (Clineschmidt and McGuffin, 1977; Boules, et al., 2006; Nemeroff, et al., 1979; Dobner, 2006) . Clearly, these early reports documented an antinociceptive response. Distinguishing between analgesic and anesthetic actions can often be difficult in animal models. However, there is evidence supporting an analgesic response. The distribution of NT receptors within the CNS includes regions known to be important in pain modulation, including the dorsal horn of the spinal cord and the periaqueductal grey, with a pathway to the nucleus raphe magnus (Dobner, 2006) .
Microinjection of NT into the rostroventral medulla (RVM) elicited a strong analgesic
response (Fang, et al., 1987) . Neurotensin also lowers body temperature, which can influence results in many of the nociceptive assays. However, there is evidence suggesting a dissociation of hypothermia and analgesia in two different rat strains, implying distinct mechanisms (Bauco and Rompre, 2003) . In any event, these analogs are clearly antinociceptive.
Neurotensin itself has variable activity systemically, presumably due to its rapid degradation and its difficulty traversing the blood brain barrier. NT69L has previously been demonstrated to have analgesic actions in rodents and in primates (Fantegrossi, et al., 2005; Boules, et al., 2003) . The current study extends these observations to a series of stabilized neurotensin derivatives in the radiant heat tailflick assay.
All the compounds were analgesic with similar onsets and durations of action, with the exception of NT72 analgesia that persisted slightly longer than the others. The peak effect following subcutaneous administration was 30 min, a time point used in all the dose-response studies. Although they all were active, their potencies varied by independent factors. Evidence to date suggests that the analogs are stable in plasma, but that does not address issues with metabolism and other pharmacokinetic parameters. Many peptides have difficulty traversing the blood-brain barrier and it is not clear whether this is important in the current studies. In mice, NT78 and NT69L both appear to have ceiling effects, implying that they are partial agonists in this assay.
Neurotensin has several distinct central nervous system actions that might be undesirable in an analgesic, such as hypotension and hypothermia. Ultimately, it may be possible to avoid these actions through the design of receptor subtype-selective agents. However, at the present time these compounds are not available. Alternatively, selectivity of action can be achieved by limiting the site of action of a drug, as seen with topical approaches. Earlier studies from our laboratory have documented the ability of topical mu, delta and kappa opioids to elicit analgesia locally (King, et al., 2001; Kolesnikov, et al., 1992; Kolesnikov, et al., 1996b; Kolesnikov, et al., 1996a; Kolesnikov and Pasternak, 1999c; Kolesnikov and Pasternak, 1999a; Kolesnikov and Pasternak, 1999b) . Similarly, two NT analogs, NT71 and NT72, were active topically. The activity was dependent upon the time of exposure and, under the conditions employed, there was no evidence of significant systemic absorption since the activity of the drugs was limited to the distal portion of the tail. Why this topical activity was limited to these two agents is not clear. This might reflect inherent receptor mechanistic differences among the compounds that are only evident in the peripheral nerves or they may be due to physicochemical properties of the drugs that influence their ability penetrate the skin, which is necessary to show activity in this assay. There also was no simple correlation between systemic potency and topical activity. NT72 and NT71 showed equivalent responses topically while NT71 was significantly less active systemically. While the inactivity of topical NT69L might be due to the limited efficacy of a partial agonist, this would not explain the inactivity of NT67 and the limited actions of NT76, which were both fully efficacious and more potent systemically than was NT71. Together, these observations raise interesting questions regarding the topical responses, perhaps relating to the penetration of the peptides into the skin or other pharmacokinetic issues using topical approaches.
Neurotensin offers a new approach in the management of pain that has the potential of expanding our ability to treat many of the intractable pain problems currently seen in clinical medicine. The development of stable neurotensin analogs capable of traversing the blood-brain barrier with systemic activity may therefore prove valuable.
The ability to use a topical approach to limit side-effects further enhances the potential utility of these agents, as does their ability to synergize with other agents such as The indicated NT compounds were administered subcutaneously and analgesia assessed in the radiant heat tailflick assay as described in Methods. All analogs were administered at 5 mg/kg, with the exception of NT71 (10 mg/kg) and NT72, NT76 and NT77 (1.5 mg/kg). Results are the mean of two independent replications (n=10 for each). The peak effects of all the drugs were significantly increased (p<0.002), as determined by the Fisher Exact test. Results are the means of three independent replications (n=10 for each) and are displayed as the means ± s.e.m., with the exception of NT66, which was replicated twice. Error bars not visible for the others were smaller than the symbol.
Antinociception was assessed at peak effect, 30 min. The distal portion of the tails of mice was exposed to NT72 at either 2 or 5 mg/ml in DMSO for the indicated time. The tails were then immediately withdrawn and tested using the radiant heat tailflick assay, with the light beam focused upon the region of the tail exposed to the drug. Results are the means ± s.e.m. of replicates. Error bars not visible were smaller than the symbol. Two way ANOVA of the results were highly significant (p<0.001), with the differences restricted across time. No significant differences were seen between the two concentrations of drug. Groups of mice (n=7-10) had their tails immersed in the indicated NT analog solution at 5 mg/ml in DMSO for three minutes. The tails were immediately withdrawn and tested distally in the region exposed to the drug and proximally over a region of the tail that was not exposed to the drug. Results were analyzed both A) quantally or using B) graded responses. Quantal responses were analyzed using Fisher's exact test.
Graded responses are the means ± s.e.m. and were analyzed using ANOVA. None of the values proximally on the tail in a region not exposed to drug were statistically different from baseline values. The distal values for NT 71 and NT72 were highly statistically different from baseline (p<0.001) while NT76 was also increased, although to a lesser extent (p<0.05). ED 50 values were determined by nonlinear regression of at least three independent replications of the dose-response curves and are presented with 95% confidence limits. Analysis yielded a maximal response of 100% with all drugs except NT69L(74%) and NT78 (55%).
